Introduction
============

Mast cells are known to play a pivotal role in allergic disease. Recently, increasing evidence has shown that mast cells are important in the pathophysiology of irritable bowel syndrome (IBS).[@B1] Increased numbers of mast cells have been found in the gastrointestinal (GI) tract of patients with IBS.[@B2],[@B3] In the colon, mast cells in close proximity to nerves are significantly correlated with the severity and frequency of abdominal pain and discomfort in patients with IBS.[@B4] However, the area in the GI tract with increased mast cells differs, and increases have been reported in the cecum, descending colon, rectum, terminal ileum and jejunum from different studies.[@B2]-[@B7] Tryptase released from mast cells can interact with protease-activated receptor (PAR)-2.[@B8] PAR-2 agonists induce colonic smooth muscle relaxation, activation of spinal afferent neurons, delayed rectal hyperalgesia, and changes in the intestinal permeability of rats, suggesting that PAR-2 plays some role in the pathogenesis of IBS.[@B9],[@B10] Stress has been known to increase immune activation in IBS,[@B11] and acute restraint stress increases mast cell and PAR-2-positive cell numbers in the colonic mucosa of Wistar rats.[@B12] However, there have been no reports on the effect of chronic psychological stress on these cells or the regional differences within the rat colon. Because mast cells also express PAR-2, it is preferable to use mast cell-deficient rats to investigate alterations in other PAR-2 cells besides mast cells. Rats with a homozygous mutation at the white spotting (Ws) locus (Ws/Ws rats) have a mutation in the *c-kit* cDNA[@B13] and become deficient in mast cells after 10 weeks of age.[@B14],[@B15] Because the *c-kit* gene affects the development of the interstitial cells of Cajal (ICC), not only are mast cells absent from the GI tract, but ICC in the myenteric plexus are also not found in Ws/Ws rats.[@B16] Therefore, the ICC deficiency in Ws/Ws rats could be a confounding factor in certain experiments. To avoid this confounding effect, young Ws/Ws rats, which have normal mast cells, can be used as a control rat instead of a wild-type rat. However, there have been no comparative studies on the effects of chronic psychological stress on colonic motility and histological changes using young and old Ws/Ws rats.

Therefore, we aimed to investigate whether repeated chronic psychological stress increases mast cells and PAR-2-positive cells in the colonic mucosa, and if the alterations in the proximal and distal colon differ. We used young (6-week-old) Ws/Ws rats as a control group to determine whether the colonic motility response to chronic psychological stress differs between 6-week-old and 14-week-old Ws/Ws rats.

Materials and Methods
=====================

Animals
-------

Six-week-old (n = 12) and 14-week-old (n = 12) homozygous \"white spotting\" mutant rats (Ws/Ws rats)[@B15] were purchased from SLC (Japan SLC, Inc., Tokyo, Japan). Ws/Ws rats have a 12-base deletion in the tyrosine kinase domain of the *c-kit* cDNA and are deficient in both mucosal mast cells and connective tissue type mast cells.[@B13] Mast cells are nearly absent after 10 weeks of age and are completely absent after 50 weeks of age.[@B14],[@B15] In addition, ICC in the myenteric plexus are also not found in Ws/Ws rats because of the mutation in the *c-kit* gene, resulting in colonic contractile patterns that differ from that of wild-type rats.[@B16] Ws/Ws rats aged over 10 weeks and wild-type rats are usually used in experiments investigating the effect of mast cells. In the present experiment, we used 6-week-old rats as a control group and 14-week-old rats as the mast cell-deficient group. Therefore, the PAR-2-positive cells found in 14-week-old Ws/Ws rats would not include mast cells.

Rats were housed in individual cages for 7 days to acclimate them to the temperature-controlled environment of 24℃ with 12-hours of light/dark cycle before initiation of the stress experiment. They had free access to food (Purina Rat Chow no. 5008; Ralston Purina, St. Louis, MO, USA) and tap water during the acclimation period. Animal use protocols were approved by the Committee on Animal Research at Wonkwang University, and all efforts were made to minimize animal suffering.

Stress Protocol
---------------

Rats were handled by the same person and subjected to water avoidance stress (WAS, 1 hour/d) for 13 days.[@B11] WAS is a well-known psychological stress protocol in rats and can be applied as an acute single session or as chronic, repeated sessions.[@B11],[@B17] WAS has been reported to increase fecal pellet output (FPO), colonic mast cells, mucosal cytokines, and intestinal permeability and induce visceral hypersensitivity.[@B11],[@B17],[@B18] After acclimation, rats were randomly divided into 4 groups according to age and exposure to stress: (1) 6-week-old sham stress group, (2) 14-week-old sham stress group, (3) 6-week-old stress group and (4) 14-week-old stress group. The WAS protocol was conducted by placing a single rat on a glass platform (10 × 8 × 8 cm) anchored on the center of a standard plastic cage (45 cm \[length\] × 25 cm \[width\] × 25 cm \[height\]) filled with warm water (25℃) to 1 cm below the height of the platform for 1 hour. Rats in the sham WAS group were placed on the same platform anchored to a container without water for 1 hour.

Measurement of Colonic Motility
-------------------------------

The body weight of each animal was measured every morning during the experimental period. We used a previously reported, validated procedure to measure the motility of the colon.[@B17] Rats were exposed to WAS or the sham treatment for 1 hour in the morning each day and the expelled fecal pellets in the tank were counted at the end of each 1-hour session.

Immunohistochemistry
--------------------

Rats were euthanized after completion of the experiment. The whole colon was removed and then divided into the proximal and distal portions. The specimens were fixed with masked formalin 2A (20% neutral-buffered formalin), and the paraffin block containing the embedded tissues was cut into 4-µm thick sections and mounted on a slide glass. Then, the tissue sections were processed with a fully automatic IHC & ISH staining system (Ventana Medical System, Inc., Tucson, AZ, USA) for either hematoxylin histology or immunohistochemistry. The slides were incubated with the primary antibodies, a mouse monoclonal anti-mast cell tryptase (Lab Vision, Fremont, CA, USA) and a rabbit polyclonal anti-PAR-2 (Millipore, Bedford, MA, USA) antibody, for 32 minutes at 42℃. For the latter, we used an iView DAB detection kit (Ventana Medical System, Inc.), which is composed of a biotinylated Ig secondary antibody, Streptavidin-horseradish peroxidase (SA-HRP), 3, 3\'-diaminobenzidine tetrahydrochloride (DAB) substrate, H~2~O~2~ and copper. Sections were then counterstained with hematoxylin (Ventana Medical System, Inc.) to stain the nucleus for 4 minutes, then dehydrated, cleared, and mounted in synthetic mountant (Shandon, Pittsburgh, PA, USA). Mast cells and PAR-2-positive cells were quantified by the same researcher without knowledge of the animal groupings. Photographs of tryptase or PAR-2-positive cells were taken of 8 contiguous non-overlapping fields on 4 immunostained slides per rat (the total number of photographs was 32 per rat) under a microscope with a digital camera system (Olympus BX50 microscope and DP70 digital camera; Tokyo, Japan). The number of cells stained with the primary antibody was counted in all photographs, and cell numbers were expressed as the mast cells or PAR-2-positive cells per high power field (number of cells/hpf).

Statistical Analyses
--------------------

The results are expressed as the mean ± SEM. We compared the FPO and the number of mast cells and PAR-2-positive cells between the WAS group and the sham group in both the 6- and 14-week-old rats using repeated measured ANOVA and Student\'s *t* test. Statistical analyses were performed using SPSS software version 16.0 (SPSS Inc., Chicago, IL, USA). When several observations were obtained from the same rat, such as mast cell or PAR-2-positive cell counts from contiguous, non-overlapping fields, the mean value for each rat was calculated before the average of group was obtained, i.e., n values represent the number of rats. A *P*-value of less than 0.05 was considered statistically significant.

Results
=======

Change in Mast Cell Numbers in the Colon
----------------------------------------

In 6-week-old Ws/Ws rats, WAS for 13 days was associated with a significantly higher number of mast cells in the mucosa of the colon than in the sham group (11.84 ± 0.98 vs. 7.69 ± 0.81, *P* \< 0.01; [Fig. 1A, 1B](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}). In 14-week-old Ws/Ws rats, mast cells were nearly absent in the colonic mucosa, and WAS did not affect the number of mast cells (0.46 ± 0.22 vs. 0.28 ± 0.05; [Fig. 1C, 1D](#F1){ref-type="fig"} and [2A](#F2){ref-type="fig"}). In a sub-analysis of mast cells in 6-week-old WAS and sham rats, according to colonic segment, a significantly higher number of mast cells in WAS rats was observed only in the proximal segment (11.67 ± 1.60 vs. 5.96 ± 0.71, *P* \< 0.05; [Fig. 2B](#F2){ref-type="fig"}). Chronic WAS also increased the number of mast cells in the distal segment; however, the difference did not reach statistical significance (12.28 ± 1.13 vs. 9.30 ± 1.30, *P* = 0.114; [Fig. 2C](#F2){ref-type="fig"}). In 14-week-old Ws/Ws rats, mast cells were nearly absent in the colonic mucosa and there were no statistical differences between WAS and sham rats in all segments.

Changes in Protease-activated Receptor-2-positive Cell Numbers in the Colon
---------------------------------------------------------------------------

In contrast to what was observed with mast cells, the number of PAR-2-positive cells in the whole colon (10.30 ± 1.00 vs. 8.88 ± 1.36, *P* \> 0.05; [Fig. 1E, 1F](#F1){ref-type="fig"} and [3A](#F3){ref-type="fig"}) or in each colonic segment in 6-week-old rats was not significantly different between the WAS and sham group ([Fig. 3B and 3C](#F3){ref-type="fig"}). Interestingly, in 14-week-old rats, a significantly higher number of PAR-2-positive cells was observed in the colonic mucosa of rats in the WAS group than in the sham group (4.95 ± 0.57 vs. 3.13 ± 0.26, *P* \< 0.05; [Fig. 1G, 1H](#F1){ref-type="fig"} and [3A](#F3){ref-type="fig"}). In a sub-analysis of PAR-2-positive cells in 14-week-old WAS and sham rats according to colonic segment, significantly higher number of PAR-2-positive cells in WAS rats was only observed in the proximal colon (5.79 ± 0.63 vs. 2.90 ± 0.33, *P* \< 0.01; [Fig. 3B](#F3){ref-type="fig"}). Some mast cells express not only tryptase but also PAR-2. Therefore, the number of the PAR-2-positive mast cells among the total PAR-2-positive cells could be indirectly estimated by subtracting the number of PAR-2-positive cells in the 14-week-old group from that in the 6-week-old group. This indirect estimation indicated that WAS did not significantly increase the number of PAR-2-positive mast cells in the colonic mucosa of 6-week-old rats compared to the number in the sham group ([Fig. 4](#F4){ref-type="fig"}).

Change in the Fecal Pellet Output During Chronic Psychological Stress
---------------------------------------------------------------------

There was no difference in body weight changes between the WAS and sham groups during the experiment. Propulsive colonic motility, which was assessed by counting the number of fecal pellets expelled during the stress period, was higher following exposure to stress than following sham treatment ([Fig. 5](#F5){ref-type="fig"}). This effect was significant for both 6-week-old and 14-week-old rats. The mean numbers of fecal pellets expelled daily by WAS and sham rats over the 13-days experimental period were 10.18 ± 0.48 and 4.72 ± 0.51 pellets/hr in the 6-week-old rats, and 7.95 ± 0.50 and 3.79 ± 0.44 pellets/hour in the 14-week-old rats, respectively, (mean ± SEM, *P* \< 0.05 for both group). The rats in the WAS group expelled a consistently higher number of fecal pellets over the 13-days WAS period; however, rats in the sham group expelled a decreasing number of fecal pellets over time ([Fig. 5A and 5B](#F5){ref-type="fig"}). Cumulative FPO between the WAS and sham groups was also significantly different in later period of the experiment ([Fig. 5C and 5D](#F5){ref-type="fig"}).

Discussion
==========

In this study, we found that the numbers of mast cells and other PAR-2-positive cells in the proximal colon of Ws/Ws rats were increased by chronic psychological stress. In addition, chronic psychological stress continuously increased colonic motor function regardless of the age of the rats or the presence of colonic mast cells.

Mast cells are known to increase visceral pain and permeability. Stress increased colonic macromolecular flux and ion secretion in wild-type rats, but not in Ws/Ws rats[@B18] furthermore Ws/Ws rats did not exhibit TNBS-induced visceral hypersensitivity.[@B19] Although chronic psychological stress increased the number of mast cells in the ileum and the colon of rats,[@B18],[@B20] the regional difference of this change within the colon has not been reported. In this study, we observed that the number of mast cells was increased by chronic WAS, and this increase was more prominent in the proximal colon than in the distal colon. The physiological functions of the proximal colon are distinct from those of the distal colon; the proximal colon acts as a reservoir and absorbs water, electrolytes, and nutrients.[@B21] Mast cell activation leads to significant inhibition of water, Na^+^, Cl- and K^+^ absorption in the proximal colon of antigen-sensitized rats.[@B22] Therefore, the increased number of mast cells we observed in the proximal colon after repetitive stress, together with increased colonic motility, might play an important role in the development of loose stools or diarrhea in stress-related GI disorders.

However, our results from animal study are not always observed in the colonic mucosa of patient with IBS. Many human studies have shown increased mast cell in the colonic mucosa of patient with IBS,[@B2],[@B5]-[@B7] but the results were inconsistent and selective proximal mast cell proliferation was noted only in a few studies.[@B2],[@B7] This inconsistency is probably because the biopsy specimen was not taken from entire colon in most studies and the tissue sampling sites were different among studies such as only from the cecum, descending colon, or rectum. In addition, our findings indicated only the effect of psychological stress on mast cell proliferation in the colon, therefore proximal selectivity might not be found in patients with IBS who have complex pathogenesis, for example, visceral hypersensitivity, post-infectious, altered intestinal microbiota, stress and psychological dysfunction.[@B23]

The mechanism underlying the regional difference in mast cell proliferation caused by psychological stress is not clear. One plausible explanation is that the variation in proliferation of mast cells after stress might be related to differences in the innervation of the proximal and distal colon. Vagus nerves are the main source of parasympathetic innervation in the proximal colon, whereas sacral parasympathetic nerves innervate the distal colon.[@B21] Vagus nerve has a role in the transmission of stress effect from central nervous system to GI tract.[@B24] In addition, vagus nerve is recently proposed as one of the pathways involved in bi-directional communication between the gut microbiota and the brain, modulating brain-gut axis and GI immune function.[@B25] Several studies indicate that vagal activation is related to activation and degranulation of mast cells in the stomach and ileum. Ketotifen and zinc sulfate, 2 mast cell stabilizers, inhibited the development of vagal-mediated gastric mucosal lesions,[@B26],[@B27] and electrical vagal stimulation increased histamine release in the guinea pig ileum.[@B28] Therefore, vagal activation by repeated psychological stress might be a reason for the observed increase in mast cells in the proximal colon.

However, it was recently shown that the vagus nerve can modulate the systemic immune response and control inflammation in the settings of infection, injury, or sepsis.[@B29] This mechanism is known as the \"nicotinic anti-inflammatory pathway\" because it is dependent on the α7-nicotinic acetylcholine receptor (α7nAChR) on macrophages.[@B29] In our study, the type of stress was purely psychological, and the number of mast cells increased after repeated WAS. Based on these results, we can speculate that the vagus nerve may react differently to interoceptive stress (e.g., infection, trauma and shock) and exteroceptive stress (e.g., psychological stress). The exact role of the vagus nerve in the stress response should be elucidated in future studies.

PARs are seven trans-membrane-spanning, G-protein-coupled receptors and are highly expressed throughout the GI tract, which suggests their physiological and pathophysiological role in digestive diseases.[@B30] The PAR-2 is known to be involved in intestinal permeability, visceral sensation, and smooth muscle contractility.[@B9],[@B10] The effects of mast cells on permeability and neuronal excitability are mediated by the PAR-2.[@B31] Mast cells also express the PAR-2 and activate themselves through this receptor in an autocrine manner.[@B32] Our results showed that chronic WAS increased the number of PAR-2-positive cells in the colon which were not mast cells. We previously reported that 60.6% of tryptase-positive cells in the colonic mucosa of patients with ulcerative colitis express PAR-2, and this finding indicated that a large portion of the PAR-2-positive cells in the laminar propria are mast cells.[@B33] In the present study, the indirectly estimated number of PAR-2-positive mast cells in the sham and WAS groups did not differ significantly. Considering the tryptase staining results, WAS seemed to increase mainly the PAR-2-negative mast cells in the colonic mucosa. However, the indirect estimation of PAR-2-positive mast cells was made on the presumption that the number of PAR-2-positive non-mast cell of 6-week-old rat would increase in similar proportion to 14-week-old rat. Therefore, it could have been miscalculated if the number of PAR-2-positive non-mast cells changed as the rats matured over time. In addition, the possibility of decrease in PAR-2-positive non-mast cell in WAS group of 6-week-old rat also could not be excluded. The change of PAR-2-positive mast cells should be measured directly using double staining for tryptase and PAR-2 in a future study.

In the current study, WAS significantly increased the number of PAR-2-positive cells in the 14-week-old Ws/Ws rats, which did not have mast cells. In addition to the mast cells, inflammatory cells, such as eosinophils and neutrophils, can express PAR-2, and they can be activated by the PAR-2 agonist trypsin.[@B34],[@B35] Therefore, our results indicate that chronic psychological stress increases not only mast cells but also other inflammatory cells in the colon. Interestingly, similar to the change in mast cells following repeated WAS, PAR-2-positive cells were increased only in the proximal colon. Contrary to our results, acute restraint stress increased mast cells and PAR-2-positive cells in both the proximal and distal colon, suggesting that different mechanisms underlie the acute and chronic psychological stress responses.[@B12]

In the present study, the chronically stressed (WAS) group exhibited a continuously higher FPO compared to the non-stressed (sham) group in both the 6-week-old and 14-week-old Ws/Ws rats. Psychological stress stimulates colonic transit and defecation through the corticotropin-releasing factor 1 receptor.[@B24] WAS activates the central stress pathway, including the paraventricular nucleus, the locus coeruleus, and Barrington\'s nucleus, and then the sacral parasympathetic nucleus, which innervates the descending colon, is stimulated.[@B24] Previous reports showed that repeated WAS increases intestinal permeability and the number of mast cells in wild-type rats, but not in Ws/Ws rats which were older than 10-week-old.[@B18],[@B20] However, FPO from rats exposed to WAS increased in both wild-type and Ws/Ws rats compared with sham rats.[@B18],[@B20] Taken together with our results, this finding suggests that the colonic motor response to psychological stress is independent of mast cell activation and is more dependent on the neural pathway. Psychological stress like WAS increases CRF in the central nervous system and results in vagus nerve-mediated inhibition of gastric motility and sacral nerve-mediated stimulation of colonic motility.[@B24] In contrast to motility changes, our study showed that WAS increased mast cell and PAR-2-positive cell number preferentially in the proximal colon. Because WAS activates both vagus and sacral parasympathetic nerve, this finding also implied the role of vagus nerve rather than sacral nerve in modulating GI immune function during stress response.

The rats in our study were not acclimated to the empty water tank, a new environment, before starting the WAS experiment, and this is why rats in both groups initially showed high FPO. FPO from the sham group decreased over time, whereas the WAS group continuously showed a high FPO during the entire experimental period. This finding implied that if subjects are chronically exposed to non-adaptable psychological stress, they might develop chronic colonic motor dysfunction leading to a functional GI disorder such as IBS.

The limitations of this study are that (1) we did not determine the exact type of PAR-2-positive cells in the colonic mucosa, and we did not directly measure how much this population overlapped with mast cells in 6-week-old Ws/Ws rats. The change of PAR-2-positive mast cell should be elucidated using double staining for tryptase and PAR-2 in a future study; (2) we did not investigate the mechanism underlying the difference between the proximal and distal colon in the stress-mediated increase in mast cell and PAR-2-positive cell numbers. Although the role of the vagus nerve in this regional difference was speculative, it is worthy to be elucidated in a future study; and (3) lastly, although we can avoid the effect of deficient of c-kit by comparing 6-week and 14-week-old Ws/Ws rats, different age between the groups could be another confounding factor. Therefore, appropriate control group should be selected according to the primary purpose of the experiment.

In summary, we showed that chronic psychological stress increased not only the number of mast cells but also other PAR-2-positive cells in the colonic mucosa of rats. This alteration was more prominent in the proximal colon than the distal colon, suggesting a regional difference in immune activation by chronic psychological stress. Therefore, the larger number of mast cells and PAR-2-positive non-mast cells in the proximal colon, together with parasympathetic mediated-increased colonic motility, might play an important role in the development of loose stools and/or diarrhea in patients with IBS exposed to chronic stress.
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![Immunohistochemical staining for tryptase (mast cells) and protease-activated receptor (PAR)-2 in colon sections of water avoidance stress (WAS)-exposed and sham-exposed Ws/Ws rats. (A-D) WAS increased the number of mast cells in the lamina propria of the colonic mucosa of 6-week-old (6W) Ws/Ws rats, whereas mast cells were nearly absent in the colon of 14-week-old (14W) Ws/Ws rats. (E-H) The number of PAR-2-positive cells was significantly increased by WAS only in the 14-week-old rats (magnification, ×400). Each photomicrograph is a representative of 6 rats/group.](jnm-20-54-g001){#F1}

![Changes in the number of mast cells in the colon of water avoidance stress (WAS)- and sham-treated Ws/Ws rats. (A) WAS increased the number of mast cells in the total colonic mucosa of 6-week-old (6W) rats. (B) In a sub-analysis according to colonic segment, the number of mast cells was significantly increased following WAS only in the proximal colon. (C) Although the number of mast cells also increased in the distal colon, it did not reach statistical significance. hpf, high power field; WAS, water avoidance stress; 14W, 14-week-old. ^\*^*P* \< 0.05 vs. sham, ^\*\*^*P* \< 0.01 vs. sham.](jnm-20-54-g002){#F2}

![Changes in the number of protease-activated receptor (PAR)-2-positive cells in the colon of water avoidance stress (WAS)- and sham-treated Ws/Ws rats. (A-C) There was no difference in the number of PAR-2-positive cells in the colonic mucosa of 6-week-old (6W) rats. (A, B) In 14-week-old (14W) rats, WAS increased the number of PAR-2-positive cells in the colonic mucosa, and, in a sub-analysis, this difference was only observed in the proximal colon. hpf, high power field. ^\*^*P* \< 0.05 vs. sham, ^\*\*^*P* \< 0.01 vs. sham.](jnm-20-54-g003){#F3}

![Estimated number of protease-activated receptor (PAR)-2-positive mast cells in the colon of water avoidance stress (WAS)- and sham-treated Ws/Ws rats. The number of PAR-2-positive mast cells in the total, proximal, and distal colon was calculated by subtracting the number of PAR-2-positive cells in the 14-week-old group from that in the 6-week-old (6W) group. (A) There was no significant difference in the estimated number of PAR-2-positive mast cells between the WAS- and sham-treated groups. (B, C) In a sub-analysis according to colonic segment, there was no significant difference in the estimated number of PAR-2-positive mast cells between the proximal and distal colon. hpf, high power field.](jnm-20-54-g004){#F4}

![Change of fecal pellet output (FPO) during the water avoidance stress (WAS). (A, B) Daily FPO during the WAS experiment was increased in both 6-week-old (6W) and 14-week-old (14W) Ws/Ws rat. Rats exposed to repeated WAS exhibited a consistently high number of expelled pellets over the 13-days experimental period. In contrast, FPO decreased with time in the sham group. (C, D) Cumulative FPO during the WAS experiment differed significantly between 6-week-old and 14-week-old rats. ^\*^*P* \< 0.05 vs. sham, ^\*\*^*P* \< 0.01 vs. sham.](jnm-20-54-g005){#F5}
